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NEUTRINO MASS AND MIXING, AND NON-ACCELERATOR
EXPERIMENTS

R.CGLH. Robertson

Physics Division

Los Alammos National Laboratory

Los Alamos, NM 87545, U.S.A.

Abstract

We review the current status of experimental knowledge about neutrinos de-

rived from kinematic mass measurements, neutrino oscillation searches at re-

actors and accelerators, solar neatrinos, atmospheric neutrinos, and single and

double beta decay. The solar neutrino results yield fairly strong and consistent

indications that rutrino vscillations are occurring. Other evidence for new

physics is less co wastent and convineing,.

INTRODUCTION

Non-accelerator experiments have always
played an important role in the physics of ele-
mentary particles, particularly the neutrino.
Much of our carly knowledge of the under-
lying symmetries that now are embodiced in
the Standard Model of Glashow, Salam, and
Weinberg came from beta decay, The neatri-
nos continue to intrigue us becanse they seem
to occupy an anomalous position in the Stau-
dard Model (lacking right-handed fields and,
therefore, mass). Perhaps therein lies the road
to the territory that we ane convineed must lie
beyond the Standard Mog e

We focus om attention larpely on experi-
mental issues, and subdivide the veview into
sections that deal with Kinematic wass mea
surements, neateino oscillanion sevrehes at re
actors and aceeleratoes, solar neatrines, atino
spherie nenteinos, double heti decay, and 17
kel nentrinos. Proton decay s tonched on
only brieflv. Topics such as theoretical issnes,
costulopical neattmon, diatk matter, pravita

tion, and non accelerator measurements of he

Weinberg angle are covered by others at this
conference (Krauss, Rolandi).

KINEMATIC MASS MEASUREMENTS

IYigure 1 shows the experimental direct up-
per limits on the masses of the three flavors of
neutrino as a function of time. With the ex-
ception of the i'TEP result!, no indication of

non-zero mase has surfaced.,

Tau Neuwlrino

The high mass of the 7 makes a preci-
sion determination of the mass of v, dillicult,
but also permits decays to multihadron final
states. The Argus collaboration st DESY has
observed? 12 decays to 5 pion final states, and
asinple sueli event with a mass close to that
ol the s sullicient 1o constrain severely the
mass of 1,0 Anapper limit of 35 MeVoat 95%
confidence Tevel (CL) has heen established in
this wav. A further 8 decays ave heen seen,
an reported at this conference® hut pone i
very close to the endpoint. However, three

new meastrements of the 7 omass have now
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Figure 1. Experimental upper limits on neatrino miwss.

Table 1. Mass of 7

Collaboration

Mass, MeV

Particle Data Group
Beijing Spectrometer
Argus

CLEO I

1784.1%27

1776.9 0.4 £ 0.5
1776.3 £ 2.4 £ 1.4
1777.6 £0.9 ¢ 1.5

been reported, and these do resalt in a down
ward revision of the mass of v, to 31 MeV
(95% CL). The mass measurements are suimn-
marized v Table 1

he precision s still statisties Tinted, and
with better resolution and higher statisties,
one can look forward to sensitivity in the vicin
ity of 10 MeV. The only known divect ap
proach ta oblaiming, the mass of v, (and v,)
at the level allowed by cosmolopy (tens of oV
[or stable nenttinos) is hy observing a neatiing

burst from a supeinova,

Mu Neutvino

The Gightest Tanit on the mass of I, vatne.

from wewsurements of the e momentan ol

lowing the decay of stopped pions. The most
recent determination of the mass of the 7t by
Jeckelmann et al. coupled with the muon data
of Abela et al. give

m,, < —0.097(72) MeV?,

which, with the Bayesian procedure described
by the Particle Data Group,® yields an upper
limit of 270 keV at 90% confidence on the mass
of v,.

A new round of experiments at the Paul
Scherrer Institute has now reached such a high
level of precision that a serious problem in this
approach has been discovered. Table 2 gives

the recent history of these measurements.

2
v

over Hho negative. The mass of the 7% enters

As indicated, the central value for m? is
into the calculation, aud has been deduced
from pionic X-ray spectra. The precision is
limited principally by theoretical uncertainties
such as electron screening!® ard strong inter-
action effects (e.g. absorption from 3d state).

Stopped 7 decay is too subject to theoreti-
cal uncertainty to yield m,. Instead, it is per-
haps the best way to determine m,. What
can we use for m,? Anderhub ot al.™ used a

magnetic ‘racetrack’ and 7 decay in flight to
ahtain,

m? = -.0.14(20) MeV?
m,, <3500 keV (90%.CL)

The method s (by design) relatively insensi-
tive Lo i, and m,,, and, until some further
propress is made on m,, provides the hest di

rect Jimit en the mass of my,.

Ilectron Newlrino

Al madern determinations of the i, mass
are searches for a distortion of the heta spee
tron ol it nein the 1826 eV endpoint,
[here e now O oecent expetiments, all of
compatable precision, and all o pood apree

ment (‘Table 3).



Table 2. Data on 7% — pt + v, at rest

Collaboration Rel. m,, McV

Puy MeV/c mx, MeV m2, MeV?

Abela et al. 84 6
Jeckelmann et al. 88 7

105.65932(29)

29.79139(83)  139.56761(77) -0.163(80)
©139.56871(53)  -0.097(72)

PDG 88 5 105.658387(34) 139.56737(33)
Daum et al. 91 8 20.79206(68)  139.56996(67)
Frosch et al. 92 9 249.79144(20) -0.127(25)
“ EFlectron mass down 8 ppm
T
2 1
Ave: -59 + 26 eV |
— Mainz 92
LG Zurich 92
—— LLNL 92
—— INS Tokyo 91
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Figure 2. Recent determinations of the inass of T, from tritinm beta decay,

As both the Table and Figure 2 make par-
ticularly clear, the hive experiments contradict
the ITERE claim of a non zero nentrino mass,
and it may now be safely concluded that that
result s, Tor some reason, not correct,

However it v striking, that cach of the five
experiments vields a nepative vidae form? . A

weiphited average of the h pives
STk D046 eV,

which i 28 o helow O, and represents only

12% statistical chamee (iF o, i actaally ), 1F

one procecds nevertheless to find o Bayesian

upper limit, it s H eVoat 95% CL, but it must
he emphasized that, with such a low probabil
ity, the limit is unsound.

The negative central value may be due to;
. A statistical fluke.

A systematic ertor in the experiment,
Some experimental  systematic effect
nay be influencing, one or more of the
experiments. (Note that it need not be
present n all of them sioply mov
ine, one npwards by one Lo two slan

dard deviations would resalt in o statis



Table 3. Mass of 7,

Institution  Rel.  Mass-squared  Linit®

MeV? oV

Los Alamos 12 —=147+G63+41 9.3
=75+ 41 +£30 &§.0
INS Tokyo M —-658Hx265 13
U. Zirich 15 =24 48 £ 61 1S

. Mainz 16 =-39+34+15 7.2

Livermore 13

“O0% confidence level

cally unremarkable distribution.) How-
ever, the experiments do pass a neces-
sary (although not sulficient) test for he-
ing systematic-free,'? namely that the
derived value for the *-*He mass dif-
ference agrees vith independent deter-

minations.

3. A systematic error in the theory, ‘The
negative result for m? is a symptom of
‘too many’ counts near the endpoint,
That conld indicate the existence of an
effect outside the conventional atomic
and weak-interaction  theories, and a
number of exotic hypotheses have come
to nund. They include a hreakdown in
the atomie physics caleulations of Lhe
final-state spectea (parcticularly unlikely
for the case of ‘1Y), capture of relie nen
trinos (there do not seem to he enouph
by at least S ovders of miagnitude), tachy
onie nentiinos (Cheoreticatly nnpalatable
in concert with hradvon emission), and
inner bremssteahlung, of o scalar or psen
dosealive particle that interacts ondy with
nentrinos (e a0 Magoron: this pous
bility i inteipaing, bhuat appeians ot o

produce the requited effect ).

A 2.8 standard deviation elleet s not sl

liciently  Lape to deniomd aecontse (o new

physics, and for the moment the phenomenon
remains unexplained. Further experimental
work is needed Lo resolve the issuc.

NEUTRINO OSCILLATIONS

We are entirely accustomed to the concept
that mixing occurs in the quark sector; that is,
the weak favor eigenstates are not the same as
the mass (strong-interaction) eigenstates, but
are related by a unitary transformation U. It
is very likely that, if neutrinos have mass, the
same kind of mixing occurs. To scarch ex-
perimentally for such effects (forbidden in the
Standard Model), one takes advantage of the
fact that neutrino sources and detectors are
‘flavor filters.” The probability that a neutrino
mixture prepared in flavor A is detectable in
flavor A’ is

- L
P = Y UnlUnelUviUsircos(2.54Am3,, =),
AN ?ﬂ MU AR U g U N ( ) kkb)
where

vy >= Zl/.\kl"k >,
)

A=, T
k=1,2,3

The source-detector distance L ois inom, the
cnergy I8 in MeV aud Am? in V2,

Experiients with A = A are termed ‘dis-
appearance’ and those for which A /A are
tappearanee,” Owing to the need to determine
the neatrino flux precisely, disappearance ex
periments tend to be limited in sensitivity to
vilues of I\ - 0,95,

For convenience, the experimental limits
are usually presented in the context of two
lavor mixing only, in which case the mixing,
matrix contains a single undetersmimed param
eter e an anple, 00 This pavameter and the
unknown N then define & two dimensional
space in which experimental bounds can be
placed  hut it shoulidl he retmembered that na

e may be mores complicated.



Many groups have imtially claimed evi-
dence for oscillations, only to discover more
mundane explanations for the effects seen. At
present, there is no single experiment with re-
actor or accelerator neutrinos that indicates
the presence of oscillations. (We will dis-
cuss atmospheric aud solar neutrinos below.)
An excellent, and still up-to-date, summary
has been given by Boehm.™ We supplement
Bochm’s review as {ollows:

' has drawn altention to a

1. Conforto"
striking oscillatory behavior in the neu-
trino data from four high-energy fixed-
target experiments.  The results can
mostly casily be interpreted as w, disap-
pearance {0 a species other than v, with

oscillation parameters:

Am? = 3477 eVE,
sin20 = 0.484 0.10 £ 0.05.

These parameters are in conflict with the
ve disappearance data from the Gosgen

Reactor M7

for Am? > 5 eVé,

sind 200 < 0,22 (90%C1),

as well as with the results of Fermilabs
experiment EA3LY which yields,

for Nt > 100 eVE,
st 0N (W0,

A propos ol Conforto™s observation, the
Low Aliomos teitinm datiac is heing, ana
Ivzed for evidenee of admixture ol anea
frino of e 200 eV wath the electron
nentvmo - Prelimnmnay esalts difavon
the parameter ot fonnd by Canforto at

abovt the 4o level

3 The CERN SES Proposal P25 Tor

tect ceandties b the iteractions of

neutrinos has been approved. The two
experiments, ‘Chorus’ and ‘Nomad’ are
expected to have sensitivities to v, — v,
of order 3-4 x 10~ in sin?20 for Am? >
50 eV?, and to v. — v, at the level of 2
x 1072,

4. New reactor-based experiments are be-
ing considered, in addition to the one'®
under construction at the San Onofre
complex. A new reactor complex at
Chuoz in northern France may be the
sitc of a 12-tonne, 1-km experiment,'®
and the fortunate location of the Morton
salt mine 12 kin from the Point Perry re-

actors in Qhio may be exploited.'”

ATMOSPIERIC NEUTRINOS

The interaction of cosmic rays with the up-
per atimosphere produces showers of hadrons,
mostly pions and kaons. The decay sequence

=t o,
pt = et 40, +7,

together with the charge-conjugate reactions,
leads to the naive expectation that the flux of
p-flavor neutrinos should be twice the flux of
clectron-flavor neutrinos. That raises the pos-
sibility of a neutrino-oscillation search based
on a mersurement of the ratio. With base-
lines vanging from 10 to 10,000 ki and ener-
gies ol 100 to 1000 MeV, a region of parameter
space maceessible to other technigues can be
explored. More detailed flux caleulations™- %
take iuto account the effects of particles rang;
ing out hefore decay, particles penetrating the
carlh's ernst, directional correlations indueed
by kinematics and polarization, geomagnetic
ellects i the primary cosmie ray  spectrn,
and pneear absorption of pions. While the
abzolute luxes are uneertain at the level of
pethaps a factor of 2, the lavor ratio is con

sidered acenrate to ahout H% above 50 MeV,



Both the large water Cerenkov detec-
tors, IKamiokande?! and IMB,® find substan-
tial departures from the expected flux ra-
tio in the visible-energy range 100-1000 MeV.
The Frejus? and NUSEX?*7 experiments, with
more limited statistics, find no evidence for
the eflect, but are not sericusly in disagree-
ment either. The results are expressed as the
experimental flavor ratio divided by the ratio
expected from Moute Carlo simulations based
on the theory of ucutrine production and ab-
sorption, and detector characteristics. They

are summarized in Table 4.

Table 4. Atmospherice neutrino flavor ratios.

Collaboration 2= Data/2 M.C.

Kamiokande  0.60¥005% +0.05

IMB3-3 0.54 3 0.05 £ 0.12

I'rejus 1.06 £ 0.18 £ 0.15
0.87 £ 0.16 £ 0.08"

NUSEX 0.0910-3547
T™MR-3 1.01 +£0.03£0.11°

Fully contained events

Stopping/through nmons

If this anomalous ratio is due 1o v, — b,
oscillations, there is further imformat.on to
be obtained on that possibility from upward-
going muons.  Such muons can only come

from neutrino imteractions in the rock suar

rotunding the detector and the detector itsell

costic ray munons themselves cannot pen
etrate that far. Owing to the laeper fiducial
mass of the “tarpet’, sueh interacions are dae
to hipher enerpy nentrinos that have travelled
preater distances and therefore explore innel,
the same vepion of oscillation space. Upward
poing mnons that stop in the detector are pro
duced manly by 3 to 30 GeV op,, while those
that pas tlnouph are from 300 1o 300 GeV
v From apward poing, muon rades, the INTH

3 collaboration s been able to rmle ont asip,

nificant part of the parameter space (last line
of Tabic 4), particularly the regions contain-
ing the best-fit values. Figure 3 summarizes
the data.

In order to conclude that neutrino oscilla-
Lions are responsible for the anomaly, it is nec-
essary to rule out more mundane explanations.
Perhaps there are errors in the calculated flux
ratio, or in the calculated cross sections for the
interactions of #, and v, with 0. Some of the
cross section is contributed by tree protons, for
which the cross sections are well known,!® but
the main contribution is believed to be quasi-
clastic interactions with neutrons and protons
in oxygen. The rates are calculated in the
framework of the Fermi Gas Model (FGM)?*
with “nuclear corrections” that, in essence, use
non-interacting shell-model wavefunctions in-
stead of plane waves. There is relatively little
experimental information about these ingredi-
ents, but we note that recent work at LAMPTF
by Kocetke et al.?” on the "*C(v,, )X re-
action with neutrinos up to 300 MeV indi-
cate poor agreement with the FGM. Figure 4
shows the results.

We remark that the momentum transferred
to recoiling nucleons can be quite small, and
that the FGM may be a particularly bad ap-
proximation in the part of the spectrum that
is nearly elastic. The miass of the g could
then play an important role in suppressing the
(v, 1) cross section.

Yet another explanation has recently been
advimeed by Mann et al.®® They observe that
it is not clear whether the atmospheric nen-
trino data indicate a deficieney of v, or an ex
cess of v, the absolute fluxes are not well
cnongh known. ‘Taking, the quasi elastic flux
caleulated by Bugaeyv and Navmov,™ they find
pood aprecment with the g speetrum, but an
excess of clectron events thiat can be attributed
to proton decay in the detector: pooy i,
The partial lifetime of the proton apainst this

mode in found to be 4 x 100 yo I correct, this



I T fl T T L '7:
FO ! 3
[}
[ i 4
[] .
- ‘ ' .
1 ! 4
l" : !
- ] '
~ F 1 H E
> -\ | .
@ - \ Gosgen .
o s i
E 1 =
< I}
_2 ’
0, b=
C s
C 3
A
- ~Kam-|-lI
r— K“‘-‘ /\- j
o ‘..___- \ﬁ
3 /j Frejus~~
"0 F SANONOFRE E
F cHoQZ :
C ]
L L L J_] A A A L
(@] 0.5 1
sin*26

L

T 7TTY

T

T 7 ll'lll];r T 1 T rrrrrg

+1IlﬁTr T

(@]

SOUDAN I
+ FNAL

IMB Upward
Rate

IMB Upward p
Stop/Thru

sin*20

Figure 3. Oscillation parameters in the v, — ¥, and v, disappearance channels. The dotted lines indicate limits

to be obtained from luture experiments. The crosses are the best fit. values from Kamiokande.?4

would, of course, he a very exciting develop-
ment.

SOLAR NEUTRINOS

The longstanding solar neutrino problem,

which has been extensively reviewed,?

may
be a neutrino-oscillation experiment with a
positive result.  There are now 4 operating
experiments, Homestake, hamiokande, SAGH
and Gallex, and 2 (Sudbury Neutrino Observa-
tory and SupcerKamiokande) under construe-
tion.  Others are in the development phase,
The experiments are listed in Table H. All
the operating experiments find lower icasured
fluxes than are peedicted by the *Standard So-
e Model™ (SSM). 1 is a connmonly held view
that the flux of nentrinos fron the Sun s lard
to caleulate  this i not the case. The total
Iiiminosity of the Sun s precinely measured,
and, af noelear fusion o T into He provides
the energy, then exactly tvo neatrinos st

be produced fr each completion of a fusion

evele, Fach evdde vields 20 Me\ of encrpy,

and (provided ®B is not a major branch, which
we know experimentally), at most a few per-
cent of the energy is lost in neutrino emission.
Hence the flux can be calculated. What is
much more difficult to calculate, of course, is
the energy spectrun, because that depends on
all the details of nuclear cross-sections, opac-
ities, heavy-element composition, turbulence,
cte. The ®B branch, a negligible contributor
to energy production, is quite sensitive to the
details, whereas the p-p flux is almost inde-
pendent of them.

There are now two comparably detailed
caleulations of the solar neatrino spectrum,
whicli are in good agreement when the same
inpue parameters are used. That was not al-
ways so. and nmmerons small corrections and
chionges have heen made to both computations
on ithe way (o convergenee, ‘T'he results are
sutnmarized i Table 6, with le aneertainties,

The siegnificant dilferences hetween the two
calculations stem from the inclusion by Balh

call and Pinsonneault of  helinm diffusion,
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Table 6. Solar neutrvino rate calculations.

Target B-P* T-Cb

¢l 8.0(10) 6.4(14) SNU
e” (H,0) 5.7(1£0.15) 4.3(11) 10° em~2s7!
"Ga 13235 123(7) SNU

aRef. 30 *Ref. 31

which increases the ®B flux by 12%, and
a different choice ol cross section for the
"Be(p,7)*B reaction. The experimental results
are summarized i Table 7.

The SAGE collaboration annonneed at this

meeting®™ results from a second round of data

taking, at. Baksan.  The 1990 and 1991 data
sebs give, respectively, 20000432 and 85122420
SNU, and a combined average as piven in Ta-
ble 7. The larpe svstematic evror in the [irst
set was assigned to cover the possibility that
the counter hackprounds inercased with time,
as indicated ma few runss This effect was

not seen i the next data set, and so s likely

to have been a statistical fluctuation (not im-
probable with such low statistics). In the sec-
ond data set, the systematic uncertainty was
dominated by radon corrections, and the ‘sys-
tematic’ errors in the Lwo runs are thus largely
uncorrelated. The collaboration has applied
the Kolingorov-Cramer-von Mises tests to the
data and find that the goodness-of-fii param-
eter N2 for the combined data is 0.107, which
would be exceeded 55% of the time. That in-
dicates that all the data can have come from
the same parent distribution. The probability
that the early points would be mosily lower
than the later ones is nol addressed by this
statistic, however.  The Gallex collaboration
does not provide information about goodness-
of fit. Taken at face value, the results of both
experiments are in reasonable agreement, with
a combined averape of 74119 SNUL That is def-
mitely not copsistent with any SSM, bhut
alls in the prey arca between astrophysical
problems and nentrine physics problems. The
minimum flux consistent with static hydrogen:
burning, in the Sun s about 79 SNU.



Table 5. Solar neutrino experiments.

Threshold (MeV) Fid. Mass

Target  Collaboration Status  CC NC (tonnes)

I7Cl Homestake ’69- 0.814 - 615 C,Cl,

e~ iNamiokande "85- 7.5 7.5 680 H,0

Ga SAGE '90- 0.233 - 30,57 Ga

Ga Gallex "91- 0.233 - 30 Ga

H, e SNO "06- 5.0 2.2 1k D,0

e SuperKamiokande  ’96- 7.5 7.5 22k 1,0

"B,e~ DBorexino Prop. 025 0.25 100 TMB

WAL, e”  Icarus Prop. 2 2 1k LAr

Plus ''5In, LHe, 25T, Cl, F, I, ®Mo, and others
Table 7. Solar neutrino rate measurements.
Experiment Target Rate % B-P* % T-C*
Homestake* 371 2.25+0.24 SNU 2843 35+4
Kamiokande II & 1114 e~ (11,0) 284429435 x 10! em~2%s~! 5048 6611
SAGE 1 & II° "Ga 58%3i+£14 SNU 447 47113
Gallex/ Ga 83+19+8 SNU 6316 67+17

“Rof. 30 *Ref. 31 “Rel. 32 'Rel. 33 *Rel. 31 /Rel. 35

Bludman et al3® have made a study of
al' the extant data except SAGIE to learn if
they force us to embrace new neutrino physics.
They conclude that Mikheyev-Smirnov-Wolf-
enstein (MSW) matter-enhanced neatrino os-
cillations explain all the data very well, with
the best fit values being

Am? = (03— 1.2) x 1077 eV

sin? 20 = (0.4 - 1.5) x 1072
A large-angle solution s also permitted but fits
less well. [Inclusion of SAGE will drive Am?
down and sin®20 up by an amount rouphly
equal o the range.] Peteov and Krastev' Tave
ilso pointed out that| even with only 2 flavors

oscillating, a vacuun solution remiains viable:

At (05 L) = 10" eV,

sin?20 > 0.75.

‘Cool-Sun’ explanations, in which the core
vemperature of the Sun is arbitrarily reduced,
the data: the funda-
mental conflict is between Homestake and

fall to account for

Kamitokande, because they bolh record mainly
the *B flux.

a much better account of the data because

Neutrino oscillations provide

neutral-current scattering naturally increases
the Kamiokande rate relative to the ClL-Ar
rate. For the same reason, oscitlation into
sterile nentrinos is somewhat disfavored. The
indications are strong thal neutrine oseilla
tons are indeed ocenrring, hul the new gen
SNO with its explicit

nentral current and spectroscopiv capabilities,

eration ol experiments

SuperlGimiokinnde with its large volinmne, ane
S Namiokand thits larg, I nd



Borexino with its low threshold - can provide
the definitive proof.

DOUBLE BETA DECAY

Neutrinoless double beta decay enjoys a
phase-space advantage over vy emission (al-
lowed in the Standard Model, but very slow),
and secarches for it set tight limits on the Ma-
joraua masses of ciectron newirinos (or of the
admixed mass cigenstates tha! comprise the
electron neutrino). The best limits on the ef-
fective Majorana mass come from isotopically

76 8,45

enriched Ge delectors:

<m, >= Z{,U‘z_-m,- <2+ 1eV.

The uncertainties are mostly theorctical.

The allowed 2-neutrino mode has now
been observed® ™ in 4 isotopes: Ge 82Se,
10Mo, 'Nd, vith halflives ranging from 8
to 920 x 10" y (Table 8). Radiochemical
experiments? 1 have also demonstrated tle
occurrence of double beta decay in '*Te and
231, although in those cases the mede is un-
known. In each of the 4 cases measured spec-
troscopically, a few extra events have been
seen in the region between Lhe energy al which
the 20 distribution has effectively died away
and the Q-value. Events are not {orbidden
there, but their probability is zo low (<107%)
that they may indicate a departure {rom the
expected physies.

A third possible mode of double beta de-
cay was discovered as a cousequence of theories
that explain the smallness of nentrino mass in
Lerms of o sportanconsly broken B-L symume-
tey that allows otherwise massless neutrinos
to acquire a small Majorana mass. 1A con-
seguerce of spontancous syinmetry hreakings is
the appearance of o massless Goldstone hoson,
i this cisie dubbed the "Nagoron. The Ma
joron conuples only to neatrinos o elfectively
liips the hielicie of the virtual neatring in nen:

trinoless double heta decay, The resulting 3.

body phase space fits remarkable well with the
anomalous ‘hard’ events observed experimen-
tally. The intensity is 2-3 percent of the 2-
ucutrino intensity. At this conferenice Piepke*®
reported on the results from a large isotopic
(e detector (Heidelberg-Moscow collabora-
tion). With approximately 4000 2-neutrino
decays observed, a small excess (150) is seen
in the high-energy region, consistent with the
other experiments. However, the shape at
lower energies does not seem to fit the ‘stan-
dard’ Majoron hypothesis.

One can also derive limits on Majoron
modes from the non-observation of certain

decay modes of hadrons,?®

although experi-
ments do not at present have enough sensi-
tivity. Haxton® has used the ratio of exper-
imental half-lives! for 1?813Te to set an up-
per limit on the coupling constant < gy > of
1.2 x 107, Finally, Burgess and Cline*” have
shown that ‘standard’ Majorons do not meet
the requirements because the implied Majo-
rana neutrino mass would allow Ov decays, in
contradiction to evperiment. If the Majoron
carries lepton number —2, then this difficulty
can be circumvented. Note that the Burgess-
Cline values for the coupling constant differ
somewhat from those shown.

Needless to say, if the evidence for anoma-
lous events continues to accuinulate to the
poit. where a Majoron of some type is con-
lirmed, it will be a revolutionary development
for particle physics. Great progress towards
resolving the issue is being made by the ex-
perimental groups. The UC Irvine group have

increased the magnetice field in their time pro-

jection chamber o improve the resolution and

the capability for measuring it. Very low back-
gromd isotopic Ge and Xe detectors are just
beginning to accummlate data, with already

Hnpressive results,



Table 8. Double-beta-decay experiments (selection).

Isotope Ref. Q (MeV) T, (y) % (¥) TV (v) <gm >
MeV 10 y 108 y 102y 10-4
82Ge 39 2.945 1083 - 11(4) 2.4(-4)
10 Mo 39 3.034 11.6353 - 1.5(6)  4.2(4)
10N d 39 3.367 8 - 0.8(5)  2.1(7)
Ge 40  2.039 920%3 . 200(-) 1.4(-)
Ge 45 2.039 - >17 ($0%CL) >400 <l.l
130 e 41 2.833  2670(90) >0.03 (90%CL) . -
28 42 1.100  2100(600) . - -

Kt = [TvM 46

—

<70

THE 17-keV NEUTRINO

The shape of the spectrum in ordinary beta
decay has, since the earliest days, been used
to set limits on the masses of neutrinos. Re-
cently, many experimental groups have ob-
served ‘kinks’ in the spectra of 3, YC, 3§,
Ca, ©Ni, and "'Ge at an energy 17 keV he-
low the endpoint, which can be interpreted as
an admixture of a 17-keV neutrir.e with the
electron neutrino at an intensity of approx-
imately 1%. The striking uniformity of ihe
results from a wide range of isotopes is illus-
trated in Ihig. 5.

All the positive observations have made use
of solid-state detectors. Searches made with
magnetic devices have been wniformly nega-
tive. 'The experimental situation is summa-
rized in Table 9. Criticisins have been lev-
clled at hoth teclmigues. Bonvieini™ recently
made an exhaustive study of the wterplay be-
tween statistical and systematic errors in |7
keV experiments and conclided that wse of ar-
bitrary shape correction parameters of Taylor
series [orm when the troe nnderlying, encrey
dependence of eflicieney s nuknown can he
very dangerous. Al magnetic spectrometer
experiments have heen obliged to do this, ow-

ing to the diflicalties in determining, the re.

sponse Lo the necessary accuracy. It was there-
fore nol clear that negative experiments really
ruled out the purported effect at the claimed
level. Piilonen and Abashian®® drew attention
to sipaii effects due to scattering that were ne-
glected in Si detector experiments and that
could possibly induce spurious distortions re-
sembling a massive neutrino.

The balance has now been strongly tipped
against a 17-keV neutrino by two new exper-
iments reported at this meeting. A group at
the Institute for Nuclear Studies in Tokyo'”
carried out a magnetic-spectrometer study of
N with extremely high statistical precision
(2.4 x 1Y events in the interval 40-60 keV).
While arbitrary shape-correction parameters
(30 of them) are stll required to fit the data
(30 independent spectra acquired in three
overlapping energy ranges), the overwhelin-
g statistical precision essentially precludes
a real 17-keV neatrin: distortion from being
concealed, The upper it of 0.07T8% admix
Lure at 95% CL does not take into acconnt the
possible systenrvdie errors i the shape corree
tion, bhut it is hiphly nulikelv that sach a good
(il with sael hiph statisties could conspive to
conceal a 17 keVonettrino.

Anexperionent capried ont at Arponoe Na

tionad Laboratory by Abmad ot al? makes use



‘Table 9. Experiments on the

» 1 7-%V nceutrino.

Collaboration Ref.  Source Method m,, keV  sin?20

Simpson 51 T in Si Crystal 17.1(2) 0.G3

Haxton 52 Exchanee Corrections

Lindhard & Hansen 53 Scereening Corrections

Sitnpson (revised) 54,55 T in Si Crystal 17.1(2)  0.011(3)
Altzitzoglou et al. 56 WS Magnetic <0.004 99% CL
Ohi et al. 57 %S Crystal <0.0015 90% CL
Apalikov et al, 58 M8 Magnetic <0.0017 90% CL
Datar et al. 59 "§ Crystal <0.006 90% CL
Markey & Boehim G0 S Maguetic <0.003 90% CL
Hetherington et al. Gl “Nj Magnetic <0.003 90% CL
Hime & Simpson 51 Tin Ge  Crystal 16.9(1)  0.011(5)
Simpson & Hime 62 S Crystal 16.9(4)  0.0073(9,6)
Hime & Jelley 63 %S Crystal 17.2(5) 0.0085(6,5)

Sur et al. 614 MO Crystal 17.1(6) 0.012(3)

Becker et al. 6h S Magnetic <0.006 90% CL
Zlimen et al. 66 'Ge (IB)  Crystal 17.2(12) 0.016(7)
Schonert et al., 67 "Lu Magnetic <0.004 68% CL
Hime & elley 68 "Ni Crystal 16.8(4)  0.0099(12,18)
diGregorio et al. 69 T'Ge (IB)  Crystal 13.8(18) 0.0080(25)
Bahran & KNalbfleisch 70 T, gas Prop. Ctr. <0.004 98% CL
Hargrove et al. 71Ty pas Prop. Ctr. (in progress)

Wirk [ Magnetie (in progress)
Ahmad et al, IR Mag. - Cryst. <0.0025
Simpson T " ("rystal 1G.1(S)  0.008(7)

Chien et al, ™o Ys Magnetic

Stoeftl & Decman 70 Iy pars Nagnetic (1n propress)
Nawakarmi et al. Y Magnetic 00007 95% O
Norman et al. N M le () Crystal

(no effect see, )
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Pigure 5. Deternunations of the mass of the 17-keV neutrino.

of a thin solid source, a solenoidal magnetic
transport, and a silicon detector. With a de-
creasing ficld strength along the axis toward
the detector, electrons from the source ae eol-
hmated 1o a diameter that bears a caleulable
ratio Lo the source diameter, without the need
for physical collimators that can introduvee ar-
tifacts into the spectrum. Furthermore, elece-
trons backseattered from the detector are re-
flected by the magnetic mivror and returned
to the detector. Thanks to a geonetrie efli-
ciency that 1s essentially H0%. high statistics
can be obtained even with very weak (thin)
sonrees, and no arbitrary shape corrections are
needed, The ANL gronp found ro evidenee for
a 17-keV neatrino in S decay (sinl - 0.25%
at 5% CL). To test the vahdity of their pro
cedures they added a smadl amount (1L3EA)
of M activity to the sowree, and conld easily
ohserve the artilicial Kink it produeced  "The
intensity mweasured was TAHO)5 i excellent
aprecment with the added amonnt, T'hisos the
more impressive given that the distortion i

troduced i this way s mch softer than the

sharp kink produced by a massive neutrino.

The Lawrence  Berkeley

group™ that has reported evidence for a 17-
keV neatrino in MC continues to see the effect,

Laboratory

but has now completed a search in e inter-
nal bremsstrahlung emission without finding a
positive signal. While less compelling than the
two results presented above, this experiment
contradiets earlier indications of the effect in

this decay mode.

It must be conclnded now that the kink re-
potted i many spectra is nol a o intrinsic fea-
ture of the electron spectrnm and that there is
no [ 7-ke'V oneutrino, The observed eflects are
due to an as yel umdentilied cause or canses,
aed it appears possible that a variety of ex
perimental artifacts may have conspired im-
probably to reproduce it in so many different

sttualions.
SUMMARY

Direct measurements of the masses of the

neutrinos have set upper limits on the masses



of
v, < HeV,

v, < 500 keV,and
v, < 31 MeV,

In the case of 1., the five most recent mea-
surements from tritium beta decay all obtain
negative central values for the square of the
mass, with a combined significance ol 2.30.
Lacking an explanation for this, the Bavesian
upper limit given must be regarded with suspi-
cion. Equally disturbing is the setback in our
knowladge of the mass of »,. In the case of
stopped 7t decay, the negative central value
for the mass squared is almost certainly con-
nected with theoretical problems in deriving
the pion mass.

No terrestrial oscillation experiment now
yields evidence for neutrino oscillations,
but both the KNamiokande and IMB water
Cerenkov detectors show puzzling deficiencies
in the muon rates induced by atmospheric neu-
trinos relative to electrou rates. Wheiher this
is due to oscillations, some deficieney in the
theoretical interpretation of the praduction
and detection mechanisins, or to some more
exotic offect such as protoa decay remains an
open question. 6 oscillations e responsible,

then parameters in the vicinity of
m? - m'f‘ w 107 Ve

sin20 0.5

are indicated,

The deficieney  of solar neatrinos seenes
more and more likely to require neatring oseil
lations for its explanation, Matter enhimeed
oscillitions  a la Mikhieyev, Smirnov,  and
Wollenatein explain the data from 1 expen
ments (Homestahe, Komokande, SAGE, and
Gallex) renmirkablv well, wherean astraphye
wal interpretations e mereasingly sbrained,

Three wolated regions of parnneter space are

possible:
Am? = (0.1 — 1.2) x 107% eV?

sin?20 = (0.4 — 6) x 1072,

Am? = (0.1 —4) x 107" ¢V?
sin®20 = 0.5 - 0.9,

Am? = (0.5 - 1.1) x 107'Y eV?
sin? 20 > 0.75.

Three  new  experiments, SNO, Su-
perKamiokande, and Isorexino are expected to
provide a definitive conclusion about neutrio
oscillations in solar neutrinos.

Remarkable experimental progress has
been made on the slowest of natural processes,
double beta decay. There are now 6 experi-
mental observations of it, 3 spectroscopic, 2 ra-
diochemical, and one seen both ways. Theory
generally accounts well for the rates of the al-
Jowed 2v process increasing confidence in the
derived effective Majorana mass, <21 eV.
All of the spectroscopic measurements of the
electron sum energy spectrum in v lecay
show a small but significant excess of counts
just below the Q-value. That may be evidence
of & Majoron, but further experimental work
i required,

The evidence in favor of a 17-keV nen-
trino has now been convineingly contradicted
by new, highly precise experiments, The ob.
served effects appear to be due to some exper
imental artifacts not vet Tully identified.

Physies seems to be at the threshold of a
new discovery, All the evidenee points (o nen
trino niass and oscillations as the explanation
of the solar nentrino problem. With wuch i
momentons conelusion at stake, the most care

ful and detailed experimental work s called



for, and physicists are bending with enthusi-

asm to the task ahead.

fudy |
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